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Annular Vane Swirler Performance

David G. Lilley*
Oklahoma State University, Stillwater, Oklahoma 74078

The flowfield immediately downstream of an annular vane swirler is investigated to aid in computer
modeling of flowfields, and in the development and evaluation of turbulence models for swirling confined
flow. The swirler studied is annular with a hub-to-swirler diameter ratio of 0.25, and 10 adjustable flat
untwisted vanes with a pitch-to-chord ratio of 0.68. Measurements of time-mean axial, radial, and swirl
velocities are made at the swirler exit plane, using a five-hole pitot probe technique with computer data
reduction. The time-mean velocity components measured at the swirler exit plane show clearly the effects
of centrifugal forces, recirculation zones, and blade wakes on the exit-plane velocity profiles. Nonaxisym-
metry is present in all swirl cases investigated. Assumptions of flat axial and swirl profiles are found to
be progressively less realistic as the swirl vane angle increases, with axial and swirl velocities peaking
strongly at the outer edges of the swirler exit and significant nonzero radial velocities present.

Nomenclature
c = blade chord width
D = test section diameter
d = swirler exit diameter, D/2
G = axial flux of momentum
p = time-mean pressure
S = swirl number, G,/(G,d/2)
s = blade spacing or pitch
u, v, w = axial, radial, and swirl components of velocity
x, r, @ = axial, radial, and azimuthal cylindrical polar
coordinates
6 = azimuth angle
p = density
¢ = swirl vane angle
Subscripts
h = hub
in = inlet conditions, upstream of swirler
X = axial direction
0 = swirl direction
o = reference value at edge of swirler exit
Superscript

= alternate form, neglecting pressure variation;
fluctuating quantity time-mean quantity

Introduction

MORE complete understanding of the internal flowfield

in combustion equipment has long been recognized as a
need by designers. Various textbooks describe and discuss per-
tinent issues.'~” The present contribution concentrates on the
time-mean flow characteristics being generated by the up-
stream annular swirler, using a five-hole pitot probe technique.
Research has progressed in several areas related to swirling
flowfields, with flow visualization, pitot probe, and hot-wire
measurements, and associated computer simulation and tur-
bulence modeling studies. Lilley® reviews the studies related
to axisymmetric flowfields, and Lilley9 reviews the studies re-
lated to one and two laterally injected jets into the flowfield.
Accuracy of predictions from a computer model is strongly
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dependent on the inlet boundary conditions used, which are
primarily determined by the swirler and its performance at dif-
ferent vane angle settings.

In the present study, the main objective is to make time-
mean velocity measurements as close as possible to the swirler
exit, to define more accurately the performance characteristics
of the swirler. A range of swirl-blade angles ¢ from 0 to 70
deg is considered, under low-speed, low-turbulence intensity
conditions.

Theoretical Analysis

Idealized Velocity Profiles

All theoretical analyses of swirler performance and most
numerical simulations of furnace flowfields have used simple
idealized swirler exit velocity profiles. Common assumptions
that are made include flat axial and swirl velocity profiles
downstream of the swirler for swirlers with vanes of constant
angle, and a flat axial profile with a linear swirl profile (solid-
body rotation) for swirlers with helicoidal vanes and for tan-
gential-entry swirl generators. These, however, have been
found to be quite unrealistic."’~'* The use of idealized profiles
is also unwise when used as inlet conditions to a computer
prediction of the combustor flowfield downstream of the inlet
swirler.*'>'* The best remedy for numerical simulations is to
use experimentally measured swirler exit profiles, if they are
available.

Definition of Swirl Parameters

The swirl number is a nondimensional parameter used to
characterize the degree of swirl generated by a swirler. It is
defined as

G

$=G(d2) M

where the axial flux of angular momentum G, is given by

27 d/2
G, = J dﬂf (puw + pu'w’)r* dr
0 0

@
and the axial flux of axial momentum G, is given by
27 d/2
G, =f dOJ [p + pu? + (p — p)lrdr ()
0 0
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and d/2 is the swirler exit radius. These equations are obtained
from appropriate manipulation of the axial and azimuthal mo-
mentum equations, respectively. If the pressure term is omitted
from the axial momentum, the dynamic axial momentum flux
G, is obtained. This leads to an alternate definition of swirl
number:

4)

Experimental Equipment and Procedure

Facility

A low-speed wind tunnel designed and built at Oklahoma
State University has been used for all of the test measurements.
It produces uniform flow of relatively low-turbulence intensity,
with a continuously adjustable flow rate. The facility consists
of a filtered intake, an axial blower, a stilling chamber, a tur-
bulence management section, and a contoured outlet nozzle. It
is described at length in Lilley.® The contoured nozzle is made
of molded fiberglass with a steel flange at the outlet for the
attachment of the swirler and/or expansion block en route to
the test section in associated studies. A 1-cm-diam hole, lo-
cated a short distance upstream of the outlet, allows for inser-
tion of a standard pitot—static probe to measure the dynamic
pressure upstream of the swirler. This measurement, with a
small correction for difference in flow area, is used to calculate
the swirler inlet reference velocity u;,. More information about
this characteristic velocity used for velocity normalization is
given with the results.

Swirler

The swirler used in this study is annular, with hub and hous-
ing diameters of 3.75 and 15.0 cm, respectively, giving a hub-
to-swirler diameter ratio of 0.25. The hub has a streamlined
parabolic nose facing upstream and a blunt base (corner radius
~2 mm) facing downstream. It is supported by four thin rec-
tangular-sectioned struts or spider arms from the housing wall.
The base of the hub protrudes ~3 mm downstream of the
swirler exit plane. A schematic of the swirler is shown in Fig.
1, with 10 flat untwisted vanes or blades. The flat vane plan-
form is shown in Fig. 2, and it may be noted that each of the
10 flat untwisted blades has a material thickness of ~1 mm.
The 10 vanes or blades are attached to shafts that pass through
the housing wall and allow individual adjustment of each
blade’s angle. The standard vanes are wedge shaped to give a
constant pitch-to-chord ratio of 0.68, which according to two-
dimensional cascade data, provide reasonably good flow-turn-
ing effectiveness.

Measurement Procedure

The time-mean velocity components are measured with a
five-hole pitot probe that allows determination of the magni-
tude and direction of the mean velocity vector simultaneously.
The probe is mounted in a traversing mechanism, which allows
it to be translated vertically (on a radial line outward from the

Downstream View Section

Fig. 1 Diagram of swirler, section and downstream view.

test section axis) and rotated about the probe’s yaw axis. In
addition to the motion permitted by the traverse mechanism,
the test section tube on which the traverse mechanism is
mounted may be rotated about its axis with respect to the swir-
ler, thereby allowing azimuthal traverses to be performed. Tub-
ing from the probe’s five pressure taps is routed through se-
lector valves to a differential pressure transducer, and the
resulting pressure difference values are read directly from an
integrating digital voltmeter. The pressure data are reduced by
a computer program to yield nondimensionalized u, v, and w
velocity components.

Experimental Results

The radial traverses consist of 10 points from the centerline
to the swirler exit radius, spaced 7.6 mm apart. Of these 10,
only seven stations were actually measured because the hub
blocked the inner three positions. The azimuthal traverses con-
tain nine points spaced 6 deg apart at a constant radial distance
from the centerline. Azimuth angles 6 were taken from —24
to +24 deg, with the 6 = 0 position in line with the shaft of
one of the swirl vanes. A diagram showing the traverse patterns
on the face of the swirler is given in Fig. 3. All traverses are
taken immediately after the swirler exit downstream flange
face, with a 90-deg flow expansion into the cylindrical test
section, linear expansion ratio 2:1 (area expansion raio 4:1).
The outer test section tube of diameter D = 30 cm and length
150 cm was present during all of the swirler exit flow mea-
surements.
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Fig. 2 Swirl vanes.

Fig. 3 Measurement locations, radial and azimuthal traverses.
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Velocity Profiles from Radial Traverses

Radial traverses of axial, radial, and swirl velocity compo-
nent data are presented for five values of swirl blade angle:
zero (no swirler), and zero (with swirler), 38, 45, 60, and 70
deg, in Figs. 4-9, respectively, with the profiles extending
from the centerline to twice the swirler blade region exit radius
(r/D = 0.5, where D is the test section diameter used in as-
sociated studies). Note that r/D = 0.25 is the radial location of
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Fig. 4 Normalized velocity profiles from radial traverse, ¢ = 0
deg (no swirler).
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Fig. 5 Normalized velocity profiles from radial traverse, ¢ = 0
deg (swirler installed).
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Fig. 6 Normalized velocity profiles from radial traverse, ¢ =
38 deg.

the outer swirler housing into which the blades are attached.
This outer housing also has a flat flange attached at the down-
stream end of the swirler, covering the radial region from r/D
=0.251t0 0.5.

All velocities shown are normalized with respect to the swir-
ler inlet uniform axial velocity u;,, deduced independently from
the pitot—static measurement upstream of the swirler. This ve-
locity is the uniform velocity that would occupy the round
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Fig. 7 Normalized velocity profiles from radial traverse, ¢ =
45 deg.
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Fig. 8 Normalized velocity profiles from radial traverse, ¢ =
60 deg.
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Fig. 9 Normalized velocity profiles from radial traverse, ¢ =
70 deg.
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cross-sectional passageway in the absence of the swirler (see
Fig. 4). When the swirler is present with swirl vane angle zero,
the central hub of the swirler provides an axial velocity speed
up, as seen in Fig. 5. Then, measurements are taken in the
annular region between the outer extent of the hub and the
inner extent of the swirler housing, where the spatially aver-
aged axial velocity at this axial location is larger than u;,. The
measuring plane is slightly downstream of the swirler blades
themselves, and progressively so as the blade angles are in-
creased, as may be deduced from Figs. 1 and 2.

The nonswirling case shown in Fig. 4 has a nearly flat axial
velocity profile, as expected for the plain nozzle opening with-
out the swirler installed. There is no measurable swirl velocity,
and the radial velocity is zero except for points very near the
edge of the exit, where the flow begins to anticipate the abrupt
expansion to twice the exit diameter. The second nonswirling
case (Fig. 5), has the swirler installed with the blades set to ¢
= 0 deg. The traverse was made midway between two blades
and away from any of the hub-supporting struts. Here again,
the axial profile is quite flat, with just a slight increase toward
the hub. However, the velocity has increased by nearly 25%,
because of the decrease in flow area with swirler hub and
vanes in place. In addition, the hub induces a negative radial
velocity across the entire annulus, overriding the tendency to
anticipate the expansion corner. The swirl velocity is, as ex-
pected, negligible.

The 38-deg blade-angle case in Fig. 6 shows remnants of
the flat inlet profile over a small portion of the radius near the
outside edge in both the axial and swirl profiles. The presence
of the hub now constrains the three innermost points to zero,
and the region between the hub and the flat portion in the axial
and swirl profiles is approximately linear. The maximum axial
velocity is 1.5 times the inlet axial velocity because the flow
area is decreased by the hub, and also because centrifugal ef-
fects have shifted the profile outward. The radial velocity has
an irregular profile with a maximum value of one-half the inlet
axial velocity.

In the ¢ = 45-deg case of Fig. 7, the flat segments are no
longer present, and both axial and swirl profiles vary from zero
at the hub to a maximum at or near the rim of the swirler in
an almost linear fashion. The similar shape and magnitude of
the profiles indicates that the turning angle is fairly uniform
and only slightly less than 45 deg. The radial velocity is again
irregular, but shows a step at »/D = 0.1 similar to that in the
axial and swirl profiles; this is probably because of the central
recirculation zone downstream beginning to slow down the
flow upstream of it. ~

Profiles ensuing from the case of ¢ = 60 deg (see Fig. 8),
all have a sharply peaked shape, with most of the flow leaving
near the outer boundary. The radial component is considerably
stronger, with a peak value nearly twice that of the reference
velocity upstream of the swirler. The step seen previously in
the 45-deg axial profile has now developed into reverse flow,
indicating that the central recirculation zone now extends up-
stream past the exit plane. The reverse flow is accompanied
by reduced swirl velocity and very low values of radial veloc-
ity. The positive axial velocity adjacent to the hub may be the
result of a slight clearance between the blades and the hub,
allowing air with greater axial momentum to pass through.

Exit velocity profiles obtained for the strongest swirl case
considered (¢ = 70 deg) are shown in Fig. 9. Almost all of
the flow leaves the swirler at the outside edge. The maximum
axial and swirl velocities are ~3 and 2.5 times the upstream
reference values, respectively, and the velocity gradients across
the profiles are quite large. The reverse flow in the center of
the axial profile is stronger than in the 60-deg case, and is now
accompanied by negative or inward radial velocity. This sug-
gests the possibility of a vortex ring structure occurring at the
exit of the swirler under high-swirl conditions. The swirl ve-
locity profile remains positive, but shows a step corresponding
to the outer boundary of the recirculation zone.

Table 1 Measured swirl numbers

] S s’ Wino/Upmg
38 0.567 0.559 0.801
45 0.765 0.718 0.876
60 0.850 0.759 0.937
70 0.883 0.750 0.887

Velocity Profiles from Azimuthal Traverses

An indication of the azimuthal or 6 variation of axial, radial,
and swirl velocities was determined for the same vane angle
settings used in the radial traverses. The measurements were
taken at a constant radial position of r/D = 0.179, which, in
most cases, illustrates adequately the azimuthal flow variation.
Measurements in each case spanned an angle of 48 deg, some-
what more than the 36 deg between successive blades. The
variations in all normalized velocity components, u, v, and w,
occurred in ~36-deg cycles, coinciding with the blade spacing.
The profiles all showed significant variation with azimuthal
position, except for those in or near recirculation zones, where
the w-velocity component is dominant. These variations can
be attributed to several causes, among them being blade stall
from using flat blades at high angles of attack and wakes from
blunt trailing edges.

Swirl Strengths

Swirl numbers S and S’ were calculated from Eqgs. (1) and
(4), with the turbulent stress terms omitted. Measured veloci-
ties and pressure (with reference pressure p.. being at the outer
edge of the swirler at r/D = 0.25), from the radial traverses,
were used with appropriate numerical integration. Results are
shown in Table 1, where the flat-blade swirler exhibits asymp-
totic behavior in its ability to produce strong swirl. Also shown
is the measured ratio w,/u,, for each swirl vane angle, where
these represent the maximum values of swirl velocity w and
axial velocity # measured in the radial traverse at the x = 0
location at the exit from the downstream plane of the swirler.

Conclusions

Measurements of actual swirler exit velocity profiles were
made for swirl vane angles ¢ = 0, 38, 45, 60, and 70 deg,
using a five-hole pitot probe technique. These data form a use-
ful part of a database for the evaluation of flowfield prediction
codes and turbulence models, where the use of realistic inlet
stream values of all three velocity components is needed rather
than the use of unrealistic simple expressions. Assumptions of
flat axial and swirl profiles with radial velocity equal to zero
were found to be progressively less realistic as the swirler
blade angle increases. Axial and swirl velocities peak strongly
at the outer edges of the swirler exit, and significant nonzero
radial velocities are present. Nonaxisymmetry is present in all
swirl cases investigated.
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